Introduction
Mesial temporal sclerosis (MTS) is typically seen in medically refractory mesial temporal lobe epilepsy. About 75% of patients with mesial temporal lobe epilepsy (TLE) are resistant to medical management. 1 Surgical resection usually provides excellent seizure control in patients with TLE, 2 especially in the setting of positive magnetic resonance imaging (MRI) evidence of mesial temporal sclerosis (MRI-MTS). [3] [4] [5] [6] [7] [8] [9] [10] Surgery for patients with temporal lobe epilepsy and normal MRI findings (N-MRI) is less effective. [11] [12] [13] [14] [15] [16] [17] Studies have shown 37-76% seizure control in this group of patients, but they were either retrospective in nature, included heterogeneous groups of patients with small a percentage of patients with normal MRI, or were based on small cohorts of patients. Still to be well elucidated is the contribution of ictal EEG patterns to the outcome of temporal lobe surgery in treating TLE. Some small studies have demonstrated a difference in anterior temporal ictal rhythms (slow (delta) vs. faster (theta) rhythms) in patients with MRI-MTS vs. N-MRI, but further research into this issue is likely warranted.
receiving the institutional Internal Review Board approval. Informed consent was obtained from all patients. Patients with mesial temporal semiology and documented anterior temporal ictal recordings that underwent anterior-mesial temporal lobe (AMTL) resection for temporal lobe epilepsy were identified. Patients were divided into two groups based on results of preoperative high resolution MRI. The first group included patients with MRI evidence of ipsilateral mesial temporal sclerosis, the second included patients with normal MRI.
Patient evaluation for surgical treatment as well as MRI protocol has been previously described. 19 All patients were initially evaluated by board certified, fellowship trained epileptologists. Patients with semiology that suggested mesial temporal lobe epilepsy (MTLE) proceeded to phase 1 evaluation: long-term video-EEG monitoring. Sphenoidal or nasopharyngeal electrodes were not used on any patients, but bilateral basilar temporal placement, such as T1, T2 electrodes, were done routinely. Ictal EEG pattern was recorded at seizure onset. Anterior temporal rhythms were recorded as follow: (a) Slow (delta) rhythm (2-4 Hz), (b) Faster rhythms (theta rhythm (5-7 Hz) or alpha (8) (9) (10) (11) (12) ) and (c) delta-theta (progression from slow to faster rhythms within 5 s). All EEG recordings were reviewed in the weekly comprehensive epilepsy surgery conference. At least two board-certified epileptologists were present on each conference and consensus was achieved between the groups. Inter-ictal positron emission tomography (PET) was performed if possible. A FDG-PET scan was considered positive when it showed an area of hypometabolism in the ipsilateral mesial-basal temporal lobe. Subtraction ictal single photon emission CT (SPECT) coregistered to MRI (SISCOM) was not available at our institution and only a few of our patients had SPECT imaging for statistical analysis. Following initial evaluation with video-EEG monitoring, patients received imaging with high-resolution MR using a 1.5 or 3.0-T magnet with special focus on the temporal lobes. Coronal and axial T2-weighted and FLAIR images were obtained and reviewed by a board-certified neuro-radiologist. Abnormal signal on FLAIR and T2-weighted images, decreased volume and loss of anatomical configuration of the hippocampal formation are considered the hallmarks of radiographically confirmed MTS. In addition, most patients also underwent Wada testing to evaluate for memory asymmetry. Memory recall 2.5/8 points difference was considered asymmetric. Some of these pre-operative evaluations were not performed due to patient financial restraints, patient refusal, or patient non-compliance due to young age or low intelligence quotient. Decisions regarding surgical therapy were made after a review of all the clinical data for each patient in conjunction with the epilepsy neurologists, neurosurgeon and neuroradiologist of the Comprehensive Epilepsy Center. Invasive subdural contact electrode placement (phase II evaluation) along the basal and lateral neocortex was considered when: (i) there was an inadequate ictal recording due to extensive muscle artifact or poorly localized ictal onset in the setting of typical mesial temporal semiology or (ii) there was discordant pre-operative evaluation. All patients were followed at 3, 6, and 12 months, then yearly after. All patients with <1 year followup were excluded from analysis. Clinical outcome was based on the modified Engel classification: Class I, seizure free or residual aura (CL-I); Class II, rare disabling seizures (<3 complex partial seizures per year) (CL-II); Class III, worthwhile seizure reduction; and Class IV, no worthwhile improvement. 20 
Surgical technique
Details of the surgical technique have been previously well described. 21 In brief, a temporal trephine craniotomy is performed.
The inferior temporal gyrus is identified and resected. Cortical resection is performed from lateral to medial structures. Landmarks along the way from lateral to medial are the occipitotemporal sulcus, fusiform gyrus, and collateral sulcus. Next, the floor of the temporal horn is opened, followed by the resection of parahippocampal gyrus, amygdala, and uncus. Lastly, the hippocampus is resected en bloc, which can then be used for pathological analysis. Subpial fashion dissection of the mesial structure ensures protection of the underlying brain stem and perimesencephalic vasculature.
Statistical analysis
Microsoft Excel (Microsoft, Redmond, WA, USA) software was used to store prospective clinical data. IBM Statistical Package for the Social Sciences 19.0 for Windows was used to perform statistical analysis. Results of pre-operative work-up (Wada test, ictal EEG pattern at seizure onset, PET) were evaluated to identify predictors of surgical outcome based on the modified Engel Classification. Fisher Exact test and Chi-squared were used to analyze categorical variables. The non-parametric Mann-Whitney U-test was used to test the distribution of age among the two groups. Statistically significant is defined as p value 0.05.
Results
A total of 299 patients with TLE and unilateral ictal EEG findings that underwent selective AMTL resection were identified from our database. After excluding patients with less than 1-year follow-up, or dual pathology, 241 patients remained for statistical analysis. One hundred and forty three patients had evidence of mesial temporal sclerosis on preoperative high resolution MRI and 98 patients had normal high resolution MRI. 17 patients in the N-MRI group underwent phase II invasive monitoring as opposed to 5 patients in the MRI-MTS group. Demographics and background characteristics are summarized in Table 1 . Mean follow-up was 2.9 years for the N-MRI group and 3.4 years for the MRI-MTS group. The average age for both groups was 38-year-old. Sex distribution and the results of Wada testing between the two groups were also well matched. The only difference in pre-operative evaluation was a higher percentage of patients in the MRI-MTS group with positive PET study compared to the N-MRI group (94% vs. 81%, respectively). PET scan was performed in 94 (96%) patients in the N-MRI, whereas 76 (81%) demonstrated ipsilateral hypometabolism. In the MRI-MTS group, 99 (71%) studies were performed, while 93 (94%) studies were deemed positive. On the other hand, Wada test was performed in 91 patients in the N-MRI whereas 45 (49%) demonstrated significant asymmetry. In the MRI-MTS group, 130 tests were performed; however, only 69 (53%) patients demonstrated significant difference.
Overall outcome based on modified Engel classification was statistically significant between the two groups (p < 0.05). In the MRI-MTS group, 79% had class I outcome (n = 113) compared to 59.2% (n = 58) in N-MRI group at last follow-up (Fig. 1) . In patients with positive PET, similar percentages were observed (p < 0.05) (Fig. 2) . Ictal EEG pattern at seizure onset is summarized in Table 2 . Nine patients had limited or missing pre-operative ictal EEG documentation to allow adequate classification during the retrospective review process. Of the remaining 232 patients, theta rhythm was the most common ictal pattern identified for TLE. Ictal theta onset was identified in one hundred and fifty four (66.3%) out of 232 patients. Slow (delta) pattern was seen in 35 out of 232 (15%), while delta/theta was seen in 13.3% (31 out of 232) of the total population. Twelve patients had a poorly localizable ictal EEG pattern. Faster theta rhythm was seen in 58.2% in the N-MRI group and 70.9% in the MRI-MTS group. Delta rhythm was seen in 21.4% and 10.4% respectively. 14.3% of N-MRI patients had Delta-theta rhythm compared to 12.7% of MRI-MTS patients. Similar number of patients in both groups had nonlocalized scalp rhythm. There was no statistically significant difference in the distribution of ictal EEG pattern between the groups (p = 0.11). Class I outcome was achieved in 75 out of 95 (78.9%) of patients that had theta rhythm and MRI-MTS compared to 33 out of 57 (57.9%) of patients that had theta rhythm and N-MRI (p < 0.05) (Fig. 3 ). For patients that had delta rhythm, class I outcome was achieved in 71% in both groups (Fig. 4) . Class I outcome was achieved 64% of N-MRI patients (n = 14) and in 82% of MRI-MTS patients (n = 17) that had delta-theta rhythm (p > 0.05).
Histopathology demonstrated hippocampal sclerosis (severe, long-standing) in all cases with pre-operative MRI-MTS. However, N-MRI population had evidence of neuronal loss and gliosis at the level of hippocampus compatible with mild to moderate MTS in 40 out of 98 patients (41%). No severe MTS was identified in the latter group of patients.
Overall surgical complication rate was 2.9%. One patient had a superficial wound infection that required wound revision. One patient developed cerebral spinal fluid leak that required surgical repair. Four patients developed post-operative subdural hematoma (one subacute and three chronic) in which 2 cases required surgical evacuation in a delayed fashion without any long-term morbidity. One patient developed minor lacunar infarct postoperatively, remote from the operative site. 
Discussion
Previous reports have demonstrated that theta rhythm is the most common ictal anterior temporal pattern in the setting of TLE. 22, 23 Our results support the idea that theta rhythm at ictal onset seems to be most commonly associated with TLE and carries the best prognosis for seizure control in patients with mesial temporal semiology. However, using invasive monitoring, Ebersole and Pacia demonstrated that ictal EEG pattern at seizure onset often correlates with specific location of epileptogenic focus. 24 Delta (slow) rhythm (Type II, 2-5 Hz) had 84% specificity of epileptogenic foci originating in the temporal neo-cortical regions and theta (faster) rhythm (Type I, 5-9 Hz) had 86% of predicting epileptogenic foci originating in the hippocampal (mesial) area. Nonetheless, it is still uncertain whether these correlations between ictal EEG rhythm and foci location can be equally applied to both N-MRI and MRI-MTS populations. In addition, theta ictal (Type I) EEG rhythm has been suggested to correlate with better surgical outcome, 25 even in patients with normal MRI.
17
Our data support the thought that surgical resection in patients with temporal lobe epilepsy (TLE) and negative MRI is less effective than in patients with MRI evidence of mesial temporal sclerosis. [15] [16] [17] 26, 27 Our result of 59.1% seizure free in N-MRI patients is similar to the results of smaller cohorts. 11, 16 Nonetheless, theta rhythm at ictal onset seems to be most commonly associated with TLE even in the N-MRI population. However, our data also suggest that better outcome can be achieved in a subgroup of the N-MRI population. Class 1 outcome in N-MRI patients increased from 57.8% to 71% if patients had delta rhythm on EEG at seizure onset as opposed to theta rhythm. This percentage of Engel class I outcome is the same as MRI-MTS patients that had similar ictal EEG rhythm. We hypothesize that delta EEG pattern at seizure onset may suggest similar physiology but not necessarily similar pathology of epileptogenic focus regardless of pre-operative MRI findings. In contrast, a similar assessment between pre-operative theta ictal EEG rhythms in the N-MRI versus MRI-MTS population cannot be made. Interestingly, we found a lack of statistical significance in the EEG ictal pattern (delta vs. theta) between the N-MRI and MRI-MTS groups. In addition, previously published studies have touted the idea of theta rhythm as a good predictor in outcome for N-MRI patients. 18 The most likely explanation for this dissimilarity is that a categorical classification between delta and theta is too simplistic, and there are several other criteria used in the analysis of ictal EEG patterns, such as semiology (video monitoring), time relationship of EEG onset vs. clinical onset, spatial distribution, and seizure evolution. We hypothesized that this group of patients share a common electrophysiology within the temporal lobe but not necessarily a common inciting pathology. Patients with TLE can present with structural abnormalities, which may extend beyond hippocampal pathology. We can imagine that simply due to geographic proximity, a seizure focus may incite stimulation of the hippocampus (mesial structures) that could result in clinical presentation consistent with mesial TLE without MRI abnormalities. Temporal lobe surgery remains safe and effective for the treatment of medically refractory epilepsy. This study includes a fairly homogenous group of patients that presented with similar semiology and anterior-basal temporal ictal onset based on surface or invasive EEG that underwent a similar surgical approach despite not so similar radiographic findings. To the best of our knowledge, our surgical series in patients with temporal lobe epilepsy patients and normal MRI is the largest cohort in the literature. Our analysis of comparing results based on MRI findings and EEG rhythm at seizure onset is also unique. Limitations of our study include the retrospective study design, lack of inter-ictal EEG analysis, lack of invasive monitoring in all patients, lack of neo-cortical tissue for pathological analysis, number of pre-operative seizures was not a controlled factor and un-blinded evaluators. In addition, larger number of patients in each category could allow for multivariate analysis which may result in additional predictive factors for outcome.
Conclusion
Surgical treatment for patients with intractable temporal lobe epilepsy is effective. Patients that had MRI evidence of mesial temporal sclerosis had better chance for seizure control after surgery when compared to patients that had negative MRI. Surgical outcome is improved in a subgroup of negative MRI population that had delta EEG rhythm at seizure onset. Although the overall rate of seizure control is not as high in patients with MTS-MRI, 59.1% of patients in this group can still be seizure free after surgical resection. This observation suggests that the functional anatomy of the anterior mesial temporal lobe may vary between individuals with mesial TLE. Therefore, early referral to an epilepsy center for further evaluation, even in situations when high-resolution brain MRI is normal needs to be emphasized. However, caution is recommended since TLE may include patients with different pathology but similar physiology during the pre-operative evaluation and larger group of patients may be needed for a more accurate correlation. 
